SUMMARY: The growth of bacteria in chemically-defined media containing mixtures of amino-acids is less dependent upon the magnesium concentration than in simple media composed of salts, glucose or glycerol and a single source of nitrogen. In the more complex chemically-defined media growth initially increases rapidly with, and then becomes independent of, the magnesium concentration. Gram-positive bacilli fail to grow when the magnesium content of the medium is less than 0.66p.p.m., whereas this amount of magnesium is almost sufficient to maintain maximum growth of the Gram-negative bacteria. In addition, a deficiency of magnesium (i.e. c. 1-5 p.p.m.) inhibits the cell division of the Gram-positive rod-shaped organisms, and results in the formation of filamentous cells.
The importance of ionic magnesium in the processes of bacterial growth and cell division has been recorded in previous papers (Webb, 1948 (Webb, , 1949a (Webb, , b, 1951 . In peptone media, a deficiency of magnesium predominantly inhibits the cell division of Gram-positive rods and results in the formation of filamentous cells. In simple chemically-defined media, however, the growth of bacteria is a function of the magnesium concentration, and in such media containing suboptimal amounts of magnesium, filamentous cells are not observed.
To explain these differences it was suggested (Webb, 19493) that magnesium is essential both for the synthesis of intermediate metabolites and for cell division. In complex media which already contain some or all of the intermediate metabolites, the synthetic activities of the cell are decreased and a deficiency of magnesium inhibits cell division. However, in simple chemicallydefined media, where synthesis precedes cell division, a deficiency of magnesium inhibits growth and normal cell division occurs throughout the restricted population that the medium is able to maintain.
Evidence in favour of the above hypothesis is provided by the present communication which records the results of an investigation of the effect of magnesium on the growth of bacteria in more complex chemically-defined media containing amino-acids and other growth factors. Under these conditions, the growth of bacteria is less dependent upon the magnesium concentration, and a deficiency of magnesium primarily inhibits the cell division of the Grampositive rods.
MATERIALS AND METHODS
It was found in early experiments that in media containing several aminoacids but no added magnesium, the cumulative effect of traces of magnesium in the commercial amino-acids used was sufficient to maintain the growth of bacteria for an indefinite number of subcultures. Similar results were obtained after treatment of concentrated solutions of the amino-acids a t pH 9 with Pyrex glassware, used throughout, was cleaned in concentrated chromicsulphuric acid mixture rinsed in distilled water, 0.1 M sodium bicarbonate (Analar) in glass-distilled water, 0.1 N nitric acid (redistilled) in double-distilled water, and washed in six changes of double-distilled water. The glassware was dried at 180" in Pyrex containers. Spatulas and Pasteur pipettes were made from Pyrex glass rod and tubing, respectively, cleaned as above.
A concentrated solution of the nutrient substances, other than glucose, phosphate and the micro-nutrients, in double-distilled water, was adjusted to pH 9 with ammonium hydroxide (prepared by collecting ammonia in doubledistilled water) and 5 ml. of a 2 yo (w/v) solution of 8-hydroxyquinoline in 2 N acetic acid (Analar) added. After 24 hr. at 37" the solution was filtered through Whatman no. 5 filter-paper, and the filtrate extracted six times with redistilled chloroform to remove excess 8-hydroxyquinoline and then six times with redistilled ether to remove residual chloroform. Micro-nutrients (Fe+++, Cu++, as required) and glucose were added, the solution diluted to volume with double-distilled water, adjusted to pH 6.5 with a standard solution of constant boiling hydrochloric acid in double-distilled water and sterilized by steaming.
As glucose was decomposed with the formation of toxic products at the alkaline pH used in the above purification, trace metals were removed from a concentrated solution of the sugar by a column of ion exchange resin (Zeo-karb 215). The column was prepared as follows :
A suspension of Zeo-karb 215 in 0.1 N hydrochloric acid (concentrated hydrochloric acid distilled in a Pyrex still, and the constant-boiling distillate diluted with double-distilled water) was introduced into a Pyrex glass tube (30 x 1 cm.) cleaned in the usual way, and containing a plug of filter-paper previously extracted with 0.1 N hydrochloric acid, at a constriction 4 cm. from the lower end. The column was washed with double-distilled water (500 ml.), and then a solution of glucose (25 g.) in double-distilled water (250 ml.) allowed to run slowly through the resin. The first 50ml. of effluent were discarded; the remainder, containing the bulk of the glucose, was adjusted to c. pH 6.0 with ammonium hydroxide and sterilized. Analyses for reducing sugar by the method of Shaffer & Hartman (1920) showed that no loss of glucose occurred. Control experiments, in which glucose solutions containing varying concentrations of magnesium sulphate were passed through such columns and then analysed qualitatively with Titan yellow, showed that the magnesium was removed completely.
Phosphate solutions adjusted to pH 6.5 with ammonium hydroxide, were sterilized separately in steam and added to the main bulk of the medium when cold. The potassium dihydrogen phosphate (Analar) used was recrystallized four times from a mixture of double-distilled water and twice-distilled ethanol, and dried at 80'. Mg and bacterial growth i n amino-acid media
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EXPERIMENTAL
InJluence of magnesium on bacterial growth in complex chemically-dejined media Preparation of inoculum. The technique used to obtain inocula free from magnesium was as previously described (Webb, 1949 b). Subcultures were made from stock into the chemically defined media and incubated for 48 hr. Serial subcultures were then made into the same medium every 48 hr. until the final subculture failed to grow. The penultimate culture was used as inoculum. It was necessary to subculture Gram-negative bacteria about six times before growth ceased, whereas two or three subcultures sufficed for the Gram-positive organisms ( Table 1) . These results already indicate a difference in the magnesium requirements of these two types of organisms. 
An increase in polysaccharide synthesis was observed in the serial subcultures of the organisms listed in Table 1 . This effect of magnesium deficiency was particularly marked with the Gram-negative organisms ; cultures of Pseudomonas aeruginosa, for example, became so viscous that the growth could not be measured turbidimetrically.
Chemically-defined media. The media used ( Table 2) varied from a simple mixture of four amino-acids, pyruvic acid, nicotinic acid and mineral salts (medium 1) to the complex solutions required for the nutrition of the lactobacilli, streptococci, Kurthia xenkeri (medium 4) and Clostridium welchid (medium 5). The influence of magnesium on the growth of various Grampositive organisms in these nutrient solutions is shown in Figs. 1 and 2 and Table 3 . When these results are compared with those previously obtained with the same organisms grown in simple chemically-defined media (Webb, 1949b) , it is apparent that the growth of Gram-positive bacteria in the presence of amino-acids and other growth factors is much less dependent upon the magnesium concentration of the medium (cf. Fig. 5 and also Figs. 1 and 2 of the preceding paper (Webb, 1951) ).
Growth of the lactobacilli and streptococci in medium 4 ( Fig. 2) occurred at zero magnesium concentration, since this medium contained a low concentration of manganese (2 p.p.m.), and, as previously shown (Webb, 1951) , this metal can partially replace magnesium in bacterial growth and cell division. Table 2 ).
Growth measured turbidimetrically after 72 hr. a t 37O. Mn++. Growth measured turbidimetrically after 80 hr. at 3 7 ' . Growth curves similar to the above were obtained with Lb. delbrueclcii and K. zenkeri and are not shown in the figure.
Although no growth occurred in the complete absence of magnesium and manganese (Figs. 1, 2; Table 3), maximum growth was attained when the magnesium concentration of the medium was 2 3 p.p.m. Above this value the amount of growth was independent of further increases in the magnesium concentration (up to 100 p.p.m.). These results contrast with those obtained with simple chemically-defined media containing only salts, glucose or glycerol and a suitable source of nitrogen (Webb, 1949b) where concentrations of magnesium much above the optimal inhibited the growth of a number of species of bacteria. It appears that in the complex chemically-defined media the presence of the amino-acids decreases the inhibitory or toxic effect of magnesium ions. A closer study was made with both Gram-positive and Gram-negative organisms at very low concentrations of magnesium (0-1.8 and 0-043 p.p.m. respectively). No growth of the Gram-positive organisms occurred when the magnesium concentration of the medium was less than 0.66 p.p.m. (Fig. 3) , whereas this concentration was almost sufficient to maintain the maximum growth of the Gram-negative bacteria (Fig. 4) . These results (Figs. 3, 4) , however, show also that in addition to magnesium, the organic constituents of the medium influence the growth of the various bacteria, and suggest that the true influence of magnesium on bacterial growth under these conditions can be determined only when each organism is grown in a medium defined to suit its own nutritional requirements.
It was observed that growth occurred initially in the culture containing the highest concentration of magnesium. This effect of magnesium on the lag phase of the growth of Bacillus mycoides in medium 1 is shown in Table 4 . The turbidimetric measurements recorded in Table 4 were made on growing cultures, wooden adaptors being constructed to hold the test-tubes in the cell mount of the Spekker absorptiometer. In consequence, although the tubes selected for the cultures appeared uniform, it is probable that the results of Table 4 represent a qualitative, rather than quantitative, expression of the amount of growth.
M . Webb
The injuence of magnesium concentration on morphology Gram-positive bacteria. Filamentous cells (Pl. 1, figs. 1-3) were observed consistently in stained smears prepared throughout the serial subcultures of the Gram-positive rods recorded in Table 1 , and in the assay tubes containing the lower magnesium concentrations (Figs. 1, 2 ; Table 3 and Serratia marcescem (0-0) in medium 1, Fig. 5 . In the simple medium (medium A), growth was a function of the magnesium concentration and reached a maximum a t c. 40 p.p.m., whereas in the medium supplemented with amino-acids and nicotinic acid (medium B), growth rapidly became independent of changes in magnesium concentration. Furthermore, normal cell division occurred in all cultures of 23. mycoides in medium A irrespective of the magnesium concentration, whereas in medium B filamentous cells were observed in cultures containing 5 p.p.m. of magnesium. It thus appeared possible that the synthetic processes, which, in medium A, required magnesium for activation, were those concerned with the formation of the amino-acids present in medium B. In an attempt to determine whether magnesium was associated with the synthesis of one or all of the amino-acids (or nicotinic acid) each was added in turn to the basal medium (Koser & Rettger, 1919) containing 5 p.p.m. of magnesium. Under these conditions it was to be expected that filamentous cells would be observed in the culture containing the amino-acids which, in the M . Webb simple basal medium, was synthesized by a magnesium activated enzyme system. Each of the above substances stimulated the growth of B. mycoides, the greatest increase in growth occurring in the presence of glutamic acid (Table 5 ) . Filamentous cells, however, were not observed in any of these cultures. In further experiments, the influence of various combinations of these amino-acids on the growth and cell division of B. mycoides was determined. Although filaments were formed in cultures containing only these four aminoacids, variable results were obtained when each was omitted in turn. Similar experiments, in which other combinations of amino-acids were studied, suggested that a certain minimal number of amino-acids (c. 4-6, according to the constitution of the individual amino-acids) was necessary before a deficiency of magnesium resulted in the formation of filamentous cells. In this connexion it is of interest to note that Stephens & Hinshelwood (1949) showed that each addition of an amino-acid to a simple chemically-defined medium resulted in a progressive shortening of the mean generation time of A. mrogenes until, when some twenty amino-acids were present, the optimal mean generation time was attained. Furthermore, Gale (1949) has shown that either magnesium or manganese, or both, are involved in the assimilation of glutamic acid, and presumably certain other amino-acids, by Gram-positive cells (Staph. aureus) . Since the co-ordination complex of 8-hydroxyquinoline with manganese is more stable than the corresponding complex with magnesium, it is apparent that a medium rendered biologically free from magnesium with 8-hydroxyquinoline, must also be free from manganese. Thus, the assimilation of certain amino-acids from the chemically-defined media (other than medium 4) used in the present'work must be activated by magnesium alone. In addition, there appears to be a certain parallel between the effect of magnesium on the growth of Gram-positive bacteria and its effect on the assimilation of amino-acids. For example, the assimilation of glutamic acid by Staph. aureus cells deficient in magnesium and manganese, initially increases rapidly with increases in the concentration of added magnesium, reaches a maximum at c. 1 0 -5~ (0.26p.p.m.) and then becomes independent of further increases in the magnesium concentration up to M, =260 p.p.m. (Gale, 1949, Fig. 5) . Similarly, the growth of Grampositive bacteria increases rapidly with increasing magnesium concentration, reaches a maximum at 2-4 p.p.m. and then becomes independent of further increases in the magnesium concentration (Figs. 1, 2, Table 3 ).
DISCUSSION
In a simple chemically-defined medium containing salts, glucose or glycerol, and a source of nitrogen, the magnesium requirements of Gram-positive organisms are about ten times as great as those of Gram-negative bacteria (Webb, 1949b) . The results described in this paper also show that even in complex chemically-defined media, Gram-positive bacteria require more magnesium for maximum growth than do the Gram-negative species. In accordance with these facts, Gram-positive cells harvested from a culture medium of constant composition appear to contain greater amounts of magnesium than do Gram-negative organisms grown in the same medium (Webb, 1 9 4 9~) .
However, it is clear that much of the magnesium of Gram-positive bacteria (e.g. c. 70 yo in the case of CE. welchii) is co-ordinated into the structure of the Gram complex (Henry & Stacey, 1946) and is not available for the activation of essential systems of the cell. Thus it is probable that comparable concentrations of magnesium are required by both Gram-positive and Gram-negative organisms under normal conditions of growth for the activation of certain enzyme mechanisms such as those involved in the energy-yielding reactions, synthetic processes, assimilation and cell division. In simple chemically-defined media, where the synthetic activities of the cell are a t a maximum, the concentration of magnesium necessary for the growth of a given organism is greater than that in a complex chemically-defined medium containing a range of essential metabolites. In media of the latter type, where the synthetic activities of the cell are decreased, low concentrations of magnesium produce little effect upon growth. I n the case of the Gram-positive rods, however, these conditions are insufficient to maintain normal cell division and, in consequence, filamentous cells are formed.
Although much of the work recorded in this and previous papers has been carried out with strains of bacilli and clostridia, the fact that low concentrations of magnesium induce the formation of filaments in cultures of lactobacilli and Kurthia indicates that the effect of magnesium on cell division is not confined specifically to the Bacillaceae. At present it is not clear why a deficiency of magnesium in complex chemically-defined media inhibits the cell division only of the Gram-positive rods. It seems unlikely that Gram-positive and Gramnegative bacteria divide by different mechanisms, or that magnesium is essential for the cell division of the former, and not the latter. associates (e.g. Gale 1947, 1948) have shown that there is a marked difference between the amino-acid metabolism of Gram-positive and Gram-negative bacteria. It is possible, therefore, that the'apparent lack of effect of magnesium deficiency on the morphology of Gram-negative rods is linked in some way with the metabolism of these cells in complex amino-acid mixtures. 
